The influences of motor unit recruitment threshold and twitch force potentiation on the changes in firing rates during steady-force muscular contractions are not well understood. r What is the main finding and its importance?
Introduction
Twitch force (TF) potentiation is a phenomenon in which the TF produced by motor units (MUs) are temporarily increased as a result of recent activity (Hodgson et al. 2005) . Classically, potentiation is quantified by changes in TF, via evoked non-voluntary stimuli, before and after a conditioning contraction (Vandervoort et al. 1983; Vandervoort & McComas, 1986; Hicks et al. 1991; Hamada et al. 2000) . Twitch force increases after a conditioning contraction if muscle fibres were potentiated during the muscle action, particularly if higher-threshold MUs and/or fibres that primarily express fast-twitch characteristics are active during the conditioning contraction (Moore & Stull, 1984; Vandervoort & McComas, 1986; Hamada et al. 2000; Fukutani et al. 2014) . Potentiation of TF during sustained voluntary contractions is reported as a secondary mechanism to maintain or increment force (Sweeney et al. 1993; De Luca et al. 1996; Erim et al. 1999) . Previous studies have reported decreases in MU firing rates after a conditioning contraction (Klein et al. 2001; Inglis et al. 2011) . Other studies (Dorfman et al. 1990; De Luca et al. 1996; Erim et al. 1999; Adam & De Luca, 2005) have observed initial decreases in MU firing rates during steady-force contractions, which in these instances served as conditioning contractions, while observing no additional MU recruitment or coactivation of the antagonist. It is hypothesized that the time-related decrease in firing rates at steady force during a conditioning contraction is attributable to TF potentiation (De Luca et al. 1996; Klein et al. 2001; Adam & De Luca, 2005) ; however, further studies are needed to confirm this hypothesis. In addition, previous studies have examined increases or decreases in firing rates of only a few MUs (between two and six MUs) per contraction, thus there has not been a comprehensive assessment of time-related firing rate behaviour of lower-and higher-threshold MUs at a targeted force.
In studies where the authors have attempted to determine age-related alterations in MU behaviour, conflicting evidence has been reported. In some studies, overall decreased MU firing rates have been shown for old in comparison to young subjects Erim et al. 1999; Dalton et al. 2009; Piasecki et al. 2016; Watanabe et al. 2016) , whereas in others Power et al. 2010 Power et al. , 2012 Kirk et al. 2016 ) no differences were reported. Previous studies have also been designed to determine whether TF potentiation has similar effects on firing rates in ageing populations as in the young (Erim et al. 1999; Klein et al. 2002) . Erim et al. (1999) observed a time-related decrease in firing rates during constant-force periods of isometric contractions for young subjects and noted that this phenomenon was absent in older subjects. Although it was suggested that the differences in MU behaviour between young and old subjects were the result of differences in TF potentiation, TF potentiation was not measured. In addition, Klein et al. (2002) reported that MU firing rates were lower following a conditioning contraction in old subjects, but the pattern was not related to twitch potentiation as previously observed for young individuals (Klein et al. 2001) . Of note, Klein et al. (2001 Klein et al. ( , 2002 observed few MUs and did not account for recruitment thresholds or quantify time-related changes in MU firing rates during the steady force. Nonetheless, the difference in the effects of TF potentiation on time-related behaviour of MU firing rates at a targeted force between younger and older individuals remains unclear.
The firing rate behaviour and organization of MUs during voluntary contractions in humans has been termed the onion-skin control scheme (De Luca & Erim, 1994; McGill et al. 2005; De Luca et al. 2006; De Luca & Hostage, 2010; De Luca & Contessa, 2012 . The firing rates of earlier-recruited lower-threshold MUs are greater than those of later-recruited higher-threshold MUs at targeted forces, which resembles the layers of an onion when firing rate curves are illustrated in relationship to recruitment threshold and time. This model is consistently supported when MU firing rates are characterized separately for each contraction and subject (Person & Kudina, 1972; De Luca et al. 1982; Stashuk & de Bruin, 1988; Masakado, 1994; Masakado et al. 1995; Herda et al. 2016) . As the contractile properties of MUs lie on a spectrum (slow-twitch versus fast-twitch characteristics) and vary widely with recruitment threshold (Goldberg & Derfler, 1977; Stephens & Usherwood, 1977; Fukutani et al. 2014; De Luca & Contessa, 2015; Enoka & Duchateau, 2015) , it would be expected that the influence of TF potentiation would differ among active MUs. It is plausible that higher-threshold MUs that undergo greater TF potentiation would result in greater changes in firing rates than lower-threshold MUs (Moore & Stull, 1984; Fukutani et al. 2014) , which has been hypothesized by De Luca and colleagues (De Luca et al. 1996; Erim et al. 1999) . Therefore, examining the changes in TF before and after a steady-force contraction in conjunction with changes in firing rates in relationship to recruitment threshold during a steady-force contraction might provide valuable insight into the influence of TF potentiation on MU firing rates.
The purpose of this study, therefore, was to determine the direction and magnitude of time-related changes in MU firing rates and their relationship to recruitment threshold. In addition, because it has been suggested that potentiation of TF is responsible for the decreases in firing rates during steady force (De Luca et al. 1996; Erim et al. 1999; Klein et al. 2001; Adam & De Luca, 2005) , aged individuals, who exhibit reduced TF potentiation, were included in order to explore this phenomenon further by comparison to young individuals (Vandervoort & McComas, 1986; Hicks et al. 1991) . It is hypothesized that changes in firing rates will be related to the recruitment thresholds of MUs. In addition, changes in firing rates will be limited, regardless of recruitment threshold, for aged individuals in comparison to younger individuals. Finally, the changes in the firing rates during the steady-force contraction will be related to TF potentiation. Specifically, the time-related change in the slopes and y-intercepts from the mean firing rate (MFR) versus recruitment threshold (Rec Thresh) relationship, which depicts the onion-skin scheme, will be correlated with changes in TF via an evoked supramaximal stimulus administered before and after a contraction of the first dorsal interosseous (FDI) held at 50% of maximal voluntary contraction (MVC).
Methods

Ethical approval
This study was approved by the University of Kansas Institutional Review Boards for Human Subjects (approval no. STUDY00003018) and was conducted according to the Declaration of Helsinki. Before participation in the investigation, all participants completed a written informed consent form and a pre-exercise testing health and exercise status questionnaire.
Subjects
Twenty-two young (YG) individuals (12 men and 10 women, mean ± SD age = 22.6 ± 2.7 years, stature = 174.0 ± 7.8 cm; and mass = 75.4 ± 16.2 kg) and 14 aged (AG) individuals (seven men and seven women, age = 62.1 ± 4.7 years, stature = 171.9 ± 8.7 cm; mass = 81.1 ± 15.3 kg) participated in this study. None of the participants reported any current neuromuscular diseases or musculoskeletal injuries specific to the hand or wrist.
Research design
The participants visited the laboratory two times separated by at least 24 h. The first visit was a familiarization trial and the second an experimental trial. Subjects were required to refrain from caffeine consumption on the day of the experimental trial. During the first visit, the participants were familiarized with the evoked twitches and practiced the isometric trapezoidal muscle action several times. For the isometric muscle action, the subject's right forearm was pronated and positioned on a table with the hand open. The forearm, wrist, and third to fifth fingers were immobilized with Velcro straps. The thumb was resisted with a wooden stopper that would allow for a 90°angle between the index finger and thumb during the isometric contractions. The muscle action of the first dorsal interosseous (FDI) was isolated and measured during abduction of the index finger against a small flat piece of metal connected to the force transducer (MB-100; Interface, Inc., Scottsdale, AZ, USA). Once supramaximal twitch amplitude had been determined, 2 min of rest were given and then subjects performed three MVCs, which were 5 s in duration, with 2 min of rest between each contraction. Strong verbal encouragement was given during the MVCs. The peak force from the three MVCs was used to determine the target force amplitude for a 50% MVC isometric trapezoidal muscle action, which served as a conditioning contraction. Twitches were evoked at rest immediately before and immediately after the 50% MVC in order to determine changes ( ) in TF from pre-to post-50% MVC. For the 50% MVC, force was increased at a rate of 10% MVC s −1 to the target force, which was held for 12 s and then decreased at a rate of 10% MVC MVC s −1 back to baseline, thus the duration of the entire contraction was 22 s. Each participant rested for at least 5 min between the MVC and the 50% MVC. Twitch forces before the 50% MVC were monitored in real time, and if twitch forces were still elevated, another 2 min was given to remove any remaining potentiation before the second conditioning contraction. During the muscle action, participants maintained their force output as close as possible to the force template displayed digitally on a computer monitor.
Evoked twitches
Transcutaneous electrical stimuli were delivered to the ulnar nerve using a high-voltage constant-current stimulator (Digitimer DS7AH, Welwyn Garden City, UK). Single stimuli were applied via a bipolar probe with soaked felt tips in order to determine the optimal probe location. Single stimuli were administered at a low current (10 mA) to determine the optimal probe location. Once the location was determined and marked, the maximal TF was achieved via incremental amperage increases (5-10 mA). Once a plateau in the TF was determined, despite amperage increases, 20% was added to the amperage that yielded the highest TF to ensure the stimulus was supramaximal. Two adhesive electrodes (WhiteSensor WS ECG Electrodes; Ambu, Copenhagen, Denmark) were positioned in line with the ulnar nerve with ß2.5 cm distance between them and were used to administer stimuli for all experimental twitches. Supramaximal single-stimulus twitches were evoked immediately before and immediately after the 50% MVC.
Electromyographic recording
During the trapezoid muscle action, surface EMG signals were recorded from the FDI using a five-pin surface array sensor (Delsys, Inc., Natick, MA, USA). The sensor array consisted of 0.5 mm pins placed at the corners of a 5 mm × 5 mm square, with a fifth pin in the centre of the square. Before sensor placement, the surface of the skin was prepared by shaving, removing superficial dead skin with adhesive tape and sterilizing with an alcohol swab. To remove the dead layers of skin, hypoallergenic tape (3M, St Paul, MN, USA) was repeatedly applied to the site, then peeled back to remove contaminants (Delsys, Inc., dEMG User Guide). The sensor was placed over the belly of the FDI muscle and secured by adhesive tape. The reference electrode was placed over the elbow.
Decomposition of EMG
Action potentials were extracted into firing events of single MUs from the four separate EMG signals, sampled at 20 kHz, via the precision decomposition (PD) III algorithm as described by De Luca et al. (2006) . This algorithm was designed for decomposing surface EMG signals into their constituent MU action potential trains. The accuracy of the decomposed firing instances was tested with the reconstruct-and-test procedure (Nawab et al. 2010) . Only MUs that could be decomposed with >90% accuracy and that were active during the entire steady-force segment of the muscle action were included for analysis. For each MU, the Rec Thresh and the MFR during the steady-force plateau were recorded. A 2000 ms Hanning window was applied to the MFR curves. For the 50% MVC, MFR versus Rec Thresh relationships were calculated at the following three time points: initial (T1), median (T2) and final (T3) 0.5 s of the steady-force segment of the contraction. The slope and y-intercept values from the relationships were used for statistical analysis.
Signal processing
Force (in newtons) and EMG signals were recorded simultaneously with a Bagnoli 16-channel EMG system (Delsys Inc.) and sampled at 20 kHz during each muscle action. Data were stored on a personal computer (Dell Optiplex 9010; Dell, Inc., Round Rock, TX, USA) for subsequent analysis. The force signal was low-pass filtered with a 10 Hz cut-off (zero-phase fourth-order Butterworth filter), with custom-written software (LabVIEW version 15.0; National Instruments, Austin, TX, USA). In addition, absolute force (F ABS ) was analyzed across the steady-force segment of the 50% MVCs in 0.25 s epochs. Subjects with slopes from the F ABS versus time relationships that were statistically different than zero (P < 0.05) were not included for further analysis in order to ensure that steady force was maintained for all contractions under analysis. Thus, two young and four aged individuals were removed from further analysis. For analysis of the F ABS , epochs were selected from the initial (T1), median (T2) and final (T3) 0.5 s of the steady-force segment of the contraction that corresponded to the selected MFR epochs. For the evoked twitches, TF was calculated as the average of the highest 0.05 s of force, and half-relaxation time (HRT) was the time from peak force until 50% of force decayed.
Statistical analysis
Mean firing rate versus Rec Thresh relationships were constructed for each subject at each time point (T1, T2 and T3). The slopes [pulses per second (pps) %MVC
−1 ] and y-intercepts (in pps) of these relationships at each time point were regressed against the time (in seconds) that corresponded to the time points (T1, T2 and T3; Fig. 1) . Finally, the slopes (expressed as pps %MVC −1 s −1 and pps s −1 ) of these relationships were used for subsequent analysis. The slopes of these relationships describe the behaviour of the MFR versus Rec Thresh relationships in a time-dependent manner and will be referred to as MFRT SLOPE and MFRT INT , respectively. Student's unpaired t tests were performed on MFRT SLOPE , MFRT INT , the absolute change in twitch force ( TF) and the absolute change in half-relaxation time ( HRT) in order to determine differences between YG and AG indviduals. In addition, correlations were performed among MFRT SLOPE and MFRT INT with the relative change in TF and HRT separately [change in TF and HRT normalized to pre-50% MVC values ( TF NORM and HRT NORM )] in order to determine the effects of potentiation on the time-related behaviour of MFR versus Rec Thresh relationships during the contraction. Correlations were performed with the inclusion of all subjects and for each group separately (i.e. YG and AG). Finally, MFRT SLOPE , MFRT INT and TF NORM were also correlated with age. Three separate two-way mixed factorial ANOVAs [group (YG versus AG) × time (T1 versus T2 versus T3)] were used to examine the time-dependent features of the y-intercepts and slopes from the MFR versus Rec Thresh relationships and F ABS . In addition, MUs were separated into Rec Thresh bins in 10% MVC increments (0-10 versus 10-20 versus 20-30 versus 30-40 versus 40-50% MVC) for YG and AG individuals to examine changes in MFRs across time for observed MUs. Many of the MUs observed in the 0-10% bin for YG and AG subjects achieved peak firing rate before the steady-force segment of the contraction began. When this occurred, the peak firing rate before steady force was used in place of T1 in order to show more clearly the decrease in firing rates of the lowest-threshold MUs (Fig. 2) . Owing to the variation in the number of reported MUs for each Rec Thresh bin, an ANOVA model could not be used to examine possible differences. Therefore, Student's paired t tests with Bonferroni corrections (total of 30 t tests, α of 0.0016) were performed to determine whether the absolute change in firing rates from T1 to T2 and T3 were significant. Student's paired and unpaired t tests with Bonferroni corrections were performed as a follow-up to significant interactions. An α of 0.05 was used to determine statistical significance. Statistical analyses were performed using IBM SPSS Statistics version 24 (SPSS Inc., Chicago, IL, USA). All data are presented as means ± SD.
Results
There was a total of 562 MUs observed; 399 for the YG (20.0 ± 4.5 per subject) and 163 for the AG (18.1 ± 5.6 per subject). Table 1 contains detailed information regarding the distribution of MUs relative to Rec Thresh for each group. Overall, there was a similar distribution of examined MUs across Rec Thresh for the YG and AG individuals.
Mean firing rate versus recruitment threshold relationship
Contractions from 20 YG and 10 AG individuals were suitable for MU behaviour analysis based on Thresh relationships at each time point (−0.293 to −1.327 pps %MVC −1 ). For the slopes, there was a significant two-way interaction (group × time, P = 0.005). Student's paired t tests indicated that for the YG, T1 (−0.712 ± 0.250 pps %MVC −1 ) was significantly lower than T2 (P < 0.001, −0.590 ± 0.224 pps %MVC −1 ) and T3 (P = 0.003, −0.614 ± 0.212 pps %MVC −1 ); however, T2 was not significantly different from T3 (P = 0.467). For the AG, there were no significant differences among time points (P = 0.142). In addition, Student's unpaired t tests indicated that there were no differences between groups at any time point (P = 0.182-0.889; Fig. 3A) .
For y-intercepts, there was a significant two-way interaction (group × time, P = 0.009). Student's paired t tests indicated that for the YG, T1 (37.51 ± 10.1 pps) was significantly greater than T2 (P < 0.001, 34.27 ± 8.6 pps) and T3 (P = 0.003, 34.67 ± 8.2 pps); however, T2 was not significantly different from T3 (P = 0.999). For the AG, there were no significant differences among time points (P = 0.530). In addition, Student's unpaired t tests 
. Illustration of voluntary force output (thick black line) and mean firing rate (MFR) curves of three motor units representative of lower, intermediate and higher recruitment thresholds (grey lines) for a young (A) and aged subject (B)
Thin black lines illustrate the time-dependent trend in firing rates during the period of the contraction that was considered steady force. * The peak MFR achieved by the lowest-threshold motor unit that preceded the steady-force period; and × the MFR at time point 1.
indicated that there were no differences between groups at any time point (P = 0.605-0.835; Fig. 3B ).
Change in mean firing rates for recruitment threshold bins
For the YG, Student's paired t tests indicated significant changes in MFRs from T1 to T2 for the 30-40% Rec Thresh bin (P < 0.001, 0.98 ± 1.7 pps) and the 40-50% bin (P < 0.001, 3.17 ± 1.9 pps) and for the change in MFRs from T1 to T3 for the 30-40% Rec Thresh bin (P < 0.001, 0.79 ± 1.7 pps) and the 40-50% bin (P < 0.001, 2.14 ± 2.0 pps). However, only non-significant decreases in the MFRs of the lower-threshold MUs (Rec Thresh <30% MVC) were observed for the YG. In contrast, there were no significant changes in MFRs across time points for any Rec Thresh bin for the AG (Fig. 4) ; however, the non-significant change in MFRs for the 0-10% MVC Rec Thresh bin was similar between groups.
Absolute force, twitch force and half-relaxation time
For F ABS , there was no significant two-way interaction (P = 0.569), no main effect for group (P = 0.118) and 
Change in MFR vs. Rec Thresh relationship slopes and y-intercepts over time
Student's unpaired t tests indicated that MFRT SLOPE was significantly greater (P = 0.036) for YG (0.013 ± 0.016 pps %MVC −1 s −1 ) than for AG subjects (0.003 ± 0.010 pps %MVC −1 s −1 ); however, MFRT INT was not significantly different between groups (P = 0.070; Fig. 6 ). When data from the YG and AG were compiled, MFRT SLOPE was directly correlated with TF NORM (P = 0.003, r = 0.529), whereas MFRT INT was inversely correlated with TF NORM (P = 0.003, r = −0.523; Fig. 1 ). When groups were analyzed separately, the relationships for MFRT SLOPE and MFRT INT versus TF NORM remained for the YG (P = 0.030, r = 0.486 and P = 0.027, r = −0.493, respectivley) but not the AG individuals (P = 0.983, r = 0.006 and P = 0.814, r = −0.092, respectively). In contrast, MFRT SLOPE (P = 0.833, r = 0.041) and MFRT INT (P = 0.793, r = 0.051) were not correlated with HRT NORM . In addition, there was a weak correlation between MFRT SLOPE and age (P = 0.049, r = −0.369) and no correlation between MFRT INT and age (P = 0.064, r = 0.348). However, there was a significant correlation between TF NORM and age (P = 0.007, r = −0.493). * YG had significantly (P < 0.05) greater slopes than AG subjects. Recruitment threshold, potentiation and motor unit firing rates
Discussion
The main findings of this paper were that the slopes and y-intercepts of the MFR versus Rec Thresh relationship were changing in a time-dependent manner during the steady force for YG, but not for AG individuals. The slopes were less negative and the y-intercepts lower at T2 and T3 in comparison to T1. Therefore, changes in firing rates were related to recruitment threshold in the YG. The change in MFRs when presented as a function of Rec Thresh bin depicted slight decreases in the MFRs for the lower-threshold MUs; however, the higher-threshold MUs displayed a prominent increase in MFRs (Rec Thresh >30% MVC) for the YG subjects. Of note, there were only nine MUs observed with Rec Thresh <10% MVC for the YG subjects (Table 1) , and furthermore, these MUs were observed in only four of 20 subjects. Motor unit data should be examined on a subject-by-subject basis rather than aggregated across subjects to avoid bias as a result of a disproportionate influence of a few subjects. Nonetheless, it appears that the changes in the slopes and y-intercepts during the steady force for the YG subjects in the present study might be explained by prominent increases in MFRs of the higher-threshold MUs and, to a lesser extent, decreases in the firing rates of the lower-threshold MUs (Figs 2 and 7) . However, for YG and AG individuals, 13 of 16 MUs recruited at <10% MVC did display a decrease in MFR at T2 when considering that the peak MFRs occurred before the target steady force was reached, whereas only six of 16 MUs showed a decrease in MFR from T1 to T2. The MFRT SLOPE was greater for YG in comparison to AG subjects, which has not been investigated in previous literature. The present study is also the first to find such relationships between the changes in mechanical TF from pre-to postcontraction and the firing rate behaviour of MUs during the conditioning contraction. Both MFRT SLOPE and MFRT INT were moderately correlated with TF NORM (r = 0.529 and −0.523, respectively), and thus TF NORM accounted for ß27% of the variance in firing rate behaviour (Fig. 1) . These relationships indicated that individuals who expressed greater TF potentiation were more likely to exhibit greater increases in firing rates of higher-threshold MUs and decreases in firing rates of lower-threshold MUs during steady force. When correlations were performed separately for YG and AG individuals, there were no relationships between MFRT SLOPE and MFRT INT and TF NORM for the AG subjects, but significant correlations remained for the YG subjects. There was little TF potentiation in the AG ( TF = 0.314 ± 0.167 N) in comparison to the YG subjects ( TF = 0.608 ± 0.253 N) and, therefore, it would be expected that there would be minimal changes in MFRT SLOPE and MFRT INT . Minimal TF NORM regressed against small changes in MFRT SLOPE and MFRT INT would not be favourable for significant correlations. Another potential explanation for the time-related increase in the firing rates of the higher-threshold MUs could be the result of decreased HRT of twitch forces. In theory, firing rate frequency would need to increase to maintain tetanic fusion of force in the presence of decreasing HRT (Todd et al. 2005) . In the present study, however, there were no age-related differences in HRT nor were there relationships between HRT NORM and MFRT SLOPE and MFRT INT . Thus, it was not observed that the changes in firing rates of the higher-threshold MUs were associated with the HRT.
It is possible that MFRT SLOPE and MFRT INT might be more closely associated with other mechanisms of ageing not examined in the present study rather than TF NORM . However, MFRT SLOPE was only weakly correlated, unlike MFRT INT , where there was no correlation with age. There was a slightly stronger correlation between TF NORM and age. Together, the correlations tentatively suggest that age-related decrease in TF NORM is an important factor in the behaviour of MU firing rates during steady force. Nevertheless, there are likely to be several age-related mechanisms that would alter firing rate behaviour during steady force other than TF NORM .
It should be noted that the majority of changes in firing rates occurred from T1 to T2 for the YG subjects. It has been reported previously that phosphorylation of myosin regulatory light chains, the mechanism responsible for TF potentiation, can occur within a few seconds of the onset of a contraction (Sweeney et al. 1993; Zhi et al. 2005) . It is plausible that potentiation of TFs occurred primarily before the mid-point of the contraction. However, despite there being no significant changes in the MFR versus Rec Thresh relationships between T2 and T3, TF NORM was related to MFRT SLOPE and MFRT INT when all three time points were included for analysis.
Previous studies have reported conflicting results regarding changes in firing rates during steady force. For instance, most studies have reported decreases in MU firing rates (Enoka et al. 1989; De Luca et al. 1996; Erim et al. 1999; Carpentier et al. 2001; Inglis et al. 2011; Gould et al. 2016) , whereas others have reported increases or multiphasic behaviour (Dorfman et al. 1990; de Ruiter et al. 2004; Adam & De Luca, 2005; Contessa et al. 2016 ). De Ruiter et al. (2004 reported variability amongst subjects in the time-related responses of firing rates of the vastus lateralis during elongated 50% MVCs. In contrast, Gould et al. (2016) reported that firing rates of the biceps brachii decreased throughout elongated contractions (60-333 s), ranging from 15 to 35% MVC. The authors reported the average recruitment threshold of the observed MUs to be 21.6 ± 11.7% MVC and, thus, it would be expected that the firing rate behaviour of these MUs is representative of the behaviour of the lower-threshold MUs in the present study despite differences in muscles tested (biceps brachii versus FDI) and durations of the contractions. Contessa et al. (2016) provided data suggesting that MU firing rates increase during a contraction of the vastus lateralis held at 30% MVC. However, the authors, via modelling (Fig. 4 in Contessa et al. 2016) , depicted a firing rate of a lower-threshold MU decreasing across the steady-force segment of the first contraction. In the present study, MUs with Rec Thresh <29% MVC (lower-threshold MUs) were more likely to have a slight decrease in firing rates throughout the 12 s steady force. Conversely, firing rates of MUs with Rec Thresh >29% (higher-threshold MUs) were likely to increase (Figs 2 and 7) . Such divergent behaviour amongst concurrently active MUs has been reported previously (Miller et al. 1996) .
Numerous studies have also examined such changes in firing rates in relationship to age Erim et al. 1999; Roos et al. 1999; Dalton et al. 2009; Kirk et al. 2016; Piasecki et al. 2016; Watanabe et al. 2016) . Erim et al. (1999) reported time-related decreases in firing rates, particularly for the higher-threshold MUs, of the FDI during a 50% MVC in young but not older subjects. The authors proposed that the greater TF potentiation of the higher-threshold MUs resulted in a decrease in neural drive to the MU pool and, thus, a decrease in firing rates was necessary to maintain the targeted force. The results of the present investigation partly contradict the findings of De Luca et al. (1996) and Erim et al. (1999) , because only the lower-threshold MUs were decreasing firing rates during steady force in YG individuals. Differences in findings might be a function of MU counts; for instance, Erim et al. (1999) observed approximately 4-6 MUs per contraction, whereas in the present study 19.4 ± 4.8 MUs were observed per contraction. Similar to the present study, Erim et al. (1999) reported no time-related changes in firing rates during the steady force for older subjects and proposed that the lack of twitch potentiation may have been responsible for minimal changes in firing rates.
If the firing rates of all MUs increased concomitantly in the presence of twitch potentiation, the targeted force would not be maintained, but would increase. It is unclear whether slight decreases in the firing rates of the lower-threshold MUs would be sufficient to keep force output from increasing while firing rates of higher-threshold MUs are increasing and TFs are potentiating. Twitch forces of higher-threshold MUs can be up to 20-fold greater (Goldberg & Derfler, 1977) and potentiate more so than the lowest-threshold MUs (Moore & Stull, 1984; Fukutani et al. 2014) . However, the highest-threshold MUs would not have been recruited or would have been activated only briefly during the 50% MVC. Therefore, maximal potentiation may have not occurred for the highest-threshold MUs. Although it was only observed in a single subject out of the 36 participants, it is possible that some of the highest-threshold MUs were derecruited during the steady-force period, which allowed the force output to remain constant. Another possible explanation for the maintenance of force with increasing firing rates is the onset of fatigue in some MUs, which is known to affect potentiation greatly. Indeed, previous research suggests that potentiating and fatiguing processes occur simultaneously in muscle (Rassier & Macintosh, 2000; Herda et al. 2016) and that fatigue occurs to a greater extent in type II muscle fibres (Hamada et al. 2003) that are believed to comprise primarily the higher-threshold MUs. Future studies should aim to determine the mechanism that allows force to be maintained during a brief contraction in which TF potentiation is present.
In conclusion, MUs in the YG individuals displayed divergent behaviour during steady-force segments of an isometric submaximal muscle action of the FDI. Changes in firing rates were related to recruitment threshold in the YG individuals, such that the firing rates of lower-threshold MUs were decreasing slightly, while the firing rates of higher-threshold MUs were increasing. In addition, the results of the present study contradict previous investigations that have observed decreases in the firing rates of higher-threshold MUs, which was theorized to be the result of TF potentiation (De Luca et al. 1996; Adam & De Luca, 2005) . This behaviour was absent for the AG subjects, as firing rates remained unchanged during steady force, which could be explained, at least in part, by minimal TF potentiation. To our knowledge, this is the first study to demonstrate that individuals who expressed greater TF potentiation were more likely to exhibit divergent firing rate behaviour during a brief steady-force contraction. It is uncertain whether the decreases in firing rates of lower-threshold MUs were sufficient to keep force from increasing as the firing rates of higher-threshold MUs increased and TFs potentiated, or whether fatigue influenced TF potentiation. Further investigation is needed in order to determine the mechanism that allows force to be maintained despite increases in firing rates and TF potentiation of higher-threshold MUs and to elucidate the implications of this phenomenon on muscle performance (i.e. fatigue).
